Under detached plasma conditions in Alcator C-Mod tokamak, the measured spectra show pronounced merging of Balmer series lines and a photorecombination continuum edge which is not a sharp step. This phenomenon, known as a smooth discrete-to-continuum transition, is typical only for high density 10 21 m ,3 l o w temperature T e 1 eV recombining plasmas.
I. Introduction
Recent experimental 1-3 and theoretical 4 investigations have demonstrated that volumetric plasma recombination plays a crucial role in divertor plasma detachment from the divertor target. With plasma detachment the signi cant reduction of charged particle ux and plasma heat ux on the target was measured. At the same time it was frequently observed that the plasma temperature decreased to about 1 eV and the plasma density increased up to 10 21 m ,3 near the target. Under these conditions volumetric recombination of the majority ions occurred in the divertor. The sink of plasma particles due to recombination inside the divertor volume might b e comparable to the plasma current on the target.
Important experimental evidence for the strong volumetric recombination of plasma in the detached divertor comes from the analysis of the plasma emission spectrum. The rst spectra relevant to the recombining divertor plasma were observed in the Alcator C-Mod tokamak 1,2 and, later, in the other divertor tokamaks ASDEX-U 5 and JET 6 . The basic features of a t ypical spectrum from a recombining divertor plasma is exampli ed by a spectrum measured from the detached C-Mod divertor plasma 1 shown in Fig. 1 . Firstly, one can see the presence of a strong photo-recombination continuum. The continuum emmission corresponds to a low, about 1 eV, temperature of plasma. Secondly, the upper lines of discrete spectrum show the signi cant Stark broadening. This fact means that the plasma density i s rather high. And, thirdly, there is speci c relation between the total intensities of spectral lines and the continuum intensity level. This relation is a characteristic of a plasma where the upper excited states of deuterium atom are populated via 3-body recombination.
The simple methods for plasma density and temperature determination from the measured spectra were reviewed in Ref. 7 chapters 13-14. The electron temperature T e can be estimated in a numb e r o f w a ys: i from the ratio of the intensity o f a w ell-resolved line to the continuum intensity, ii from the ratio of total emissivities of lines in a series, and iii from the ratio of continuum emissivities measured at some points for both sides of an ideal photo-recombination edge. The plasma density N e can be obtained from the analysis of Stark broadening of lines. The simpli ed expression for the line width at half height = C N e 2=3 ; 1 where the tting constant C were tabulated in 8 for each Balmer line, is believed to be valid and is frequently used in the plasma density estimate 9 . These methods were used in the analysis of C-Mod spectra presented above. Under simplifying assumption of a constant temperature and density for the divertor plasma giving rise to this spectra, all the above methods predict low temperature T e = 0 : 75 ! 1:1 eV and high density N e = 2 ! 110 21 m ,3 .
At the same time the range of plasma parameter variation expresses the uncertainty of simple methods mentioned above. Nevertheless, the spectrum analysis points the plasma in the divertor being in a recombining state.
Of particular interest in those high density C-Mod discharge is that the measured divertor spectra show a pronounced merging of Balmer series lines and a photo-recombination PR continuum edge which is not a sharp step. This phenomenon, also known as a smooth discrete-to-continuum D-C spectrum transition see Refs. 10 page 201 and 11 , has already been observed and studied in many laboratory plasmas with high density N e 10 23 m ,3 and low temperature. By its nature, the smooth D-C transition is indicative o f a weakly non-ideal plasma and the speci c e ects of this plasma should be included in the spectrum analysis. The most important are the e ects of statistical plasma micro elds SPM which are necessarily present due to the break down of plasma quasi-neutrality in the elementary plasma volume with a size of about the Debye shielding radius.
In this paper we describe a theoretical model capable of explaining the main features of measured spectrum from the strongly recombining plasma, the smooth D-C transition in particular. This model is collisional-radiative CR and provides the calculation of population densities of excited states and the detailed pro les of spectral lines and various continua. The model is considered as a tool for a more precise estimation of plasma parameters by tting the whole measured spectrum. In the paper we use n with any sub-or superscripts to denote the principle quantum number of atomic level and to denote the wavelength of a photon. The variables c, e, h , m e , r Bohr refer to the usual physical constants. I a = e e 4 =2 h 2 is the ionization potential of hydrogen atom isotope a H;D;T; and e = m e m a =m e + m a , m a is the mass of an atom.
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II. Disrete-to-Continuum spectrum transition
The ideal photo-recombination continuum has a distinct edge correspondent to the capture of zero-energy free electron by an ion into the n pr quantum level of an atom. The longest wavelength of the PR photon is pr n pr = 2 c h n pr 2 =I a : 2
In the Balmer spectrum n pr = n bpr 2 the photo-recombination edge occurs at bprc = pr n bpr 364:6 nm for a deuterium plasma. The statistical uctuations of ionization potential of an atom 13,14 embedded in a plasma cause the PR edge broadening. But this broadening is small compared to the shift of PR edge obtained in the high density plasmas 12 and, in the case of the C-Mod divertor plasma, it is even less than the instrumental broadening.
In earlier papers 15,7 the D-C transition was treated as a "spurious continuum" which is advanced above the ideal edge, but which is still a sharp step. F or instance, the Inglis-Teller model 15 combined all the lines, some of whose Stark widths exceeded the spacing between the lines, and considered their union as such a n a d v anced "spurious continuum". In practice, since any spectroscopic instrument cannot distinguish among the continuum and broadened overlapping lines, such a model gives the crude estimate for the discrete series limit sl . The simpli ed analysis of Stark broadening 7 page 125 resulted in the following formulae for the series limit sl n pr = 2 c h=e pr ; 3 where e pr = I a n ,2 pr , n ,2 and n 0:5N e r 3
Bohr ,2=15 .
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The best explanation for the particular behavior of spectra near the PR edge observed in many laboratory plasmas see the spectra presented in 12 and in literature cited therein is given by the theory which considers the merging of the discrete lines and the continuum as a smooth discrete-tocontinuum spectrum transition. To i n troduce the smooth D-C transition and be close to the divertor plasma conditions, we place in Fig. 2 the fragment of Balmer spectrum calculated using the model which will be discussed in the next section. The given spectrum corresponds to the pure deuterium plasma with N e = N i = 1 0 21 m ,3 , T e = T i = 1 eV. For these plasma parameters the disrete series limit is predicted to occur at bsl = sl n bpr 371:6 nm, far bove the ideal PR limit bprc 364:6 nm. In the gure, the basic components of spectrum are shown vs photon wavelength : i Balmer series of lines D k index k corresponds to the spontaneous radiative transition from level n 0 = k + n bpr to level n bpr , ii Balmer photo-recombination continuum BPRC, n pr = 2; iii higher-series photo-recombination continua HPRC with n pr = 3 ; 4 ; 5 :::; and iv bremsstrahlung BR. As seen, in the direction of shorter wavelengths, the intensities of lines gradually decrease, the lines become increasingly broader, they overlap and nally immerse into the continuum. At the same time the Balmer PR continuum extends far above its ideal limit bprc or even the series limit bsl . In the transition region, near bsl , the intensities of the free-bound and of the bound-bound radiative transitions into the n bpr level are comparable and, as a result, the total spectrum shown by the broken line no longer exhibits a sharp edge.
For computer modeling of the smooth D-C transition it is not enough to incorporate the broadening of the spectral lines 15 and of the ideal PR edge 13 . It is also necessary to take i n to account the mechanisms which reduce the intensities of lines near the series limit and simultaneously make allowance for continuum emission at wavelengths above the ideal PR limit. Such mechanisms have been found to be connected with the decay of atomic levels caused by statistical plasma micro elds and have been discussed in many papers 10-12,16-19 with respect to the separation of free and bound states 16,17 and obtaining the convergent expression for atomic partition function 11,19 and developing the chemical model of weakly non-ideal plasma 17,18 .
One of the major advancements in the smooth D-C transition theory was the models developed in 19,20 . These models are based on the assumptions of local thermodynamical equilibrium conditions, ie that the atomic excited levels are populated according to Saha-Boltzmann distribution. Best of all, the developed models can be characterized as "dilution" models of spectral lines in the continuum. In so doing, the model 19 introduces the dilution factor j n pr q for a spectral line in a series n pr in the form j n pr q = A n pr q =A n pr q + q ; 4 where A n pr q and q are the decay frequencies of Stark component q of the level n q n q n pr due to the radiative transition and the ionization in the micro eld of ions, respectively. The transition occurs in the discrete spectrum with probability reduced by the factor j n pr q , while the line radiation transforms into the photo-recombination radiation with probability 1 , j n pr q . Since the dilution factor j n pr q implicitly depends on the strength 8 of plasma micro eld, the PR radiation can occur at longer wavelength than the wavelength given by the ideal limit bprc .
In the next section we describe the improved model which is based on the collisinal radiative theory generalized to account for the e ects of statistical plasma micro elds.
III. Collisional radiative model for D-C transition
The theoretical model is comprised of three parts: i a collisional radiative model for population densities of excited states, ii atomic structure and collision rates for an atom a ected by statistical plasma micro elds, and iii a model for calculating the line pro les and the extended photo-recombination continuum. The computer realization of this model is the extension to the Collisional Radiative A tomic Molecular code, CRAMD 21 .
The population model is based on the collisinal-radiative theory developed by Bates et al. 22 . The CRAMD code solves a system of coupled rate equations which describe the kinetics of population and de-population of quantum states n resolved, l-averaged of an atom in plasma. The quasistationary and quasi-homogeneous approximation 22 is used here. For the plasma emission region we assume: i that the plasma is completely transparent to continuum radiation, ii that an approach based on an escape factor 23 is valid to account for the e ect of line radiation absorption by atoms in the plasma and iii that the local velocity distribution functions of the plasma and gas particles are Maxwellian. An important feature of the CRAMD code is a self-consistent incorporation of statistical plasma micro elds' e ects in a 9 manner discussed below.
A. The e ect of statistical plasma micro eds on atomic structure in plasma
The energy u and eld-ionization frequency of each individial Stark component are strong functions of the parabolic quantum numbers q and the strength f of the constant external electric eld. For the hydrogen atom the exact dependencies of u and can be found by solving numerically using the Schrodinger equation as discussed in 10 chapter 5, 17 . Because of the large number of Stark components to be processed, the CRAMD code uses the simpli ed analytical expressions uq;f and q;f derived in 24 . For each component q there exists a certain critical value f c for the external eld at which the potential barrier for a bound electron in an atom disappears. We calculate f c by solving the equation: q;f c = ! Bohr q; 5 where ! Bohr is the Bohr frequency of electron revolution at a level with quantum numbers q. It is well established 11,12,18,19 : i that with respect to eld ionization, the plasma micro elds produced by ions are quasi-static, ie they can be treated as a constant external elds a ecting the atom; ii that the distribution function pp; f of statistical plasma micro elds is described by a Hooper distribution 25 with implicit dependence on a set pp of plasma parameters, and iii that the existence of micro elds with f f c results in the reduction of the statistical weight SW of a level.
We i n troduce the correction factor q for the statistical weight of sublevel q as the survival probability of given sublevel in the presence of statistical plasma micro elds. This factor is calculated by integration of f over micro eld strengths from 0 to f c q. The correction factor n of the entire atomic level n is the sum over all its Stark components divided by the total unperturbed statistical weight of this level, ie 2n 2 for the deuterium atom. The probability that the n-th level is unperturbed is taken to be n , while 1 , n is the probability that this level is coupled to the advanced ion continuum.
The dependence of n on ion density N i is given in Fig. 3 . A strong decrease in the real statistical weight o f n -th level occurs when the ion density reaches some critical value N cr i n. In order to estimate this value, assume that the micro eld of strength f is generated by the nearest ion only. Then the SPM distribution function has the form: Note, the simple geometry arguments in the case, when 2r n i , indicate that the n-th level is no longer bound. The electron reaching such a level will be shared by a n umber of plasma ions. It can move classically from one ion to another and exhibit many features of a free electron, for example, quasi-bound electrons are able to e ect the electrical conductivity o f a w eakly ionized plasma as discussed in 16,17 .
B. Statistical plasma micro elds' e ect on rate coe cients of the elementary atomic processes in plasma An important part of the collisional-radiative model is a set of semiempirical formulae representing the rates of state-to-state excitation, ionization and recombination, and the probabilities of radiative transitions. For hydrogen isotope atoms the CRAMD code incorporates the complete and consistent set of rate formulae developed in 26 .
At present, there is no validated theory capable of treating collisions in the case of stochastic pertubation of an atomic system. In this situation the simple semi-empirical approaches 26,27 , frequently used in deriving ex-pressions for the cross-section of elementary atomic process, can be helpful. To include the statistical plasma micro elds e ects we modify the Johnson formulae 26 for rate coe cients S of elementary atomic processes. Here we also invoke the principle on which the "dilution" models 19,20 are based of conservation of oscillator strenghts density across the ionization threshold of an atom. Taking the advantage of the ions' micro elds being statistical and quasi-stationary, the function gn; pp = 1 , n pp of discrete argument n describes the distributed boundary for ionization of the perturbed atom. Formulae obtained in this manner represent the e ective rate coe cients r for the elementary collision processes involving an atom perturbed by SPM. In the most simpli ed version of the code the electron-impact ionization rate coe cient for an atom in excited state n takes the form: an atom m is given by Eq:8. The modi ed expressions take i n to account both the increase of the oscillator strength coupled to the continuum and the reduction of ionization potential. Thus the e ective rates are functions of many plasma parameters pp. The destruction of upper levels causes an increase in the ionization and recombination rates for lower levels.
In order to make a simple estimate for the change in the ionization rate caused by the statistical plasma micro elds, consider some level n v which i s not SPM-perturbed, ie r Bohr n v 2 i , so that n v 1. In a low temperature plasma, =n v 2 1, = I a =T e , the ionization rate has the following asymptotic form: S ei n v T e j 1 = B exp ,=n v 2 , where B denotes a slowly varying function of T e and n v . There exists a higher level n s n s m for which =n s 2 1. Using the nearest-ion distribution of the statistical plasma micro elds given by Eq:6, one has N I n =exp ,bn 6 
C. Pro les of lines and the continuum
A standard theory 28-30 of line broadening by the plasma is used in the calculation of Stark pro le. The contribution of ions is described in the quasi-static approximation. For the transition between the q 0 and q corresponding to Stark components of di erent n 0 and n atomic levels, the quasi-static pro le as a function of angular frequency, !0, is obtained from the ion SPM distribution f b y using the function inverse to h!0 =uq 0 ; f , u q;f; 13 where the energy function u is given in analytical form in 24 . This pro le includes the e ects of multi-Stark broadening and the narrowing of spectral range of a line as 0 f f c q . The impact approximation is used to calculate the electron contribution. The Stark pro le of a spectral line is the statistically weighted sum over all dipole transitions between the Stark components of the appropriate pair of quantum levels. Here we assume complete mixing between Stark components q n belonging to the same level n, that is, the sublevels are populated according to their real statistical weight.
The total pro le of a spectral line is calculated as a simple convolution of pro les caused by Stark, Doppler, electrodynamic and instrumental broadening mechanisms. The nal pro le of a given line is renormalized to have the integral intensity equal to the intensity calculated by the CRAMD code.
It is important to note that the total pro le of line calulated by CRAMD frequently has a very complecated form. For some D k lines it can signi cantly di er from Lorentzian so that the plasma density prediction based on Eq:1 may be an underestimate.
In the presence of SPM the photo-recombination continuum, associated with a free-bound transition to the n pr level, splits into multiple continua. Each sub-continuum corresponds to the destruction of n-th level n pr n m+1 with probability n , 1 , n and to the ionization potential lowering to this level. In the calculation of spectral distribution of sub-continuum we use Johnson's 26 formulae and take i n to account the instrumental broadening.
IV. Statistical plasma micro elds' e ect on population densities of excited states and on continuum radiation
With the CRAMD code we h a v e studied the e ect of plasma micro elds on densities of excited states. For typical parameters of detached plasma, T e = 1 eV and N e = 1 0 21 m ,3 , the electron-ion recombination EIR, which includes the processes of 3-body recombination and photo-recombination, is the dominant mechanism responsible for populating of n 3 atomic states. Considering only the EIR population mechanism, we h a v e calculated the densities of all excited states of the deuterium atom in a plasma with and without the e ects of statistical plasma micro elds. These densities, along with the densities of excited states in the Saha-Boltzmann SB distribution solid squares, are shown in Fig. 4 . As seen, the population densities, calculated with CRAMD without taking account of SPM, monotonically increase with increasing atomic level numbern. F or the levels with n 3 the populations are those described by the Saha-Boltzmann distribution. As expected, the incorporation of SPM results in a strong decrease in the density of upper states with n 15 with respect to the SB population.
To examine the e ect of SPM on the spectral characteristics of contin-uum radiation from a plasma, we h a v e calculated with the CRAMD code the intensity o f c o n tinuum radiation as a function of wavelength for a set of plasma densities with a plasma temperature of 1 eV. The results are given in Fig. 5 . In this gure the intensity o f e a c h continuum spectrum is normalized to its intensity a t = 350 nm. At l o w plasma densities the continuum spectrum is close to the ideal continuum spectrum which is a step-like function of . The lower level of the spectrum bprc corresponds to the sum of bremsstrahlung and photo-recombination continua with n pr n bpr . At the upper continuum level bprc the Balmer PR radiation is added to that sum. In denser plasmas the upper quantum states of an atom are perturbed by SPM. The destruction of atomic states with n 8 signicantly increases the intensity of photo-recombination continuum above bprc .
With the increase in plasma density, more and more radiation from Balmer lines transforms into the continuum radiation, and, in the limit of ultra-high densities, the Balmer PR continuum spreads over the whole series range. For high plasma densities, N e 10 22 m ,3 , the ratio W cc of continuum intensities at 358 and 452 nm, used in 1 for plasma temperature estimation, is a strong function of T e and depends only slightly on N e . The temperature dependence of W cc ratio is given in Fig. 6 for N e = 1 0 21 m ,3 .
V. Modelling of Balmer spectrum near photorecombination edge
The Balmer spectrum near the photorecombination edge was measured in a n umber of C-Mod discharges. The description of spectroscopic instruments as well as their arrangement in the tokamak and elds of view have already been given in 1 . The spectrometer viewed the divertor Fig. 7 from the top of the vessel so that the observed spectra originated from the whole divertor region 31 . For this spectrum both the inner and the outer divertors were detached with plasma temperature around 1 eV nearby the plates.
The geometry of the plasma emission regions in the divertor is very complex. In the experimental data analysis 1 the real geometry is replaced by an "e ective divertor emission region" EDER which has a form of the toroidal ring. In the poloidal cut of a torus the EDER has a rectangular crosssection d L. One side of the rectangle is perpendicular to the central ray of the spectrometer view and the length d of this side is determined by the intersections of spectrometer's eld-of-view with the outer and inner divertor plates. Size L characterizes the average thickness of a ring. If J denotes the spectral emissivity of unity plasma volume, then the "measured" radiation intensity per unit area from the EDER plasma is I exp = JL . The area of the EDER surface faced to the detector was calculated to be 0:72m 2 for the discharge under consideration.
We performed a series of CRAMD runs in order to t the measured CMod spectrum presented in Fig. 1 around the bprc photo-recombination edge.
In modelling we take i n to account the inhomogeneity in plasma parameters along the lines of sight of the spectrometer. In contrast to 1 , we consider at least two regions modeled as connected rings, bottom and top of divertor plasma that give rise to the measured spectrum. We assume that plasma condition in the rst region, the bottom ring, corresponds to a recombining plasma which is cold around 1 eV and dense enough to produce signi cant continuum and line radiation out of a small volume. There is also a second region with a relatively hotter T e = 2 , 5 eV and less dense plasma. This second region we can be neglected because it can contribute to the spectrum. The rst region will be further referred to as "cold" and the second -as "hot" plasma regions. Each region is characterized by a constant temperature and density. The characteristic sizes L cold and L hot of these regions are the additional tting parameters necessary to match the absolutely calibrated measurements of continuum emissivities at 358 and 452 nm.
The best agreement with experimental data was obtained for T cold = 0 : A comparison between the measured and the "best-t" calculated spectra is given in Fig. 8 . As seen, the calculated spectra agrees well with the measured spectrum in spite of the fact that the measured spectrum contains a n umber of narrow lines emitted by impurities. particles. The modelling shows that the smooth discrete to continuum transition occurs in this spectrum in the same manner as it is shown in Fig. 2 . Balmer PR continuum extends above bprc so that the intensity of continuum radiation near the predicted series limit bsl 373 nm is approximately equal to the intensity of overlapped Balmer lines.
Finally we examine the role of electron-ion recombination in the plasma particle balance for the detached divertor. In the discharge under consideration, the total ion current on divertor plates, G plate , according to probe measurements was about 7 10 22 s ,1 . The plasma particle sink due to electron-ion recombination was calculated by the CRAMD code as G EIR = K EIR N cold 2 V cold , where K EIR is the e ective rate coe cient i n troduced in the CR theory 22 to describe the multistep recombination processes, 
VI. Conclusions
Our present experimental and theoretical studies are aimed at explaining the detailed features of deuterium Balmer spectrum and at providing evidence in support of the recombining state of plasma attained under detached divertor conditions. The CRAMD code modelling of detached plasma emission spectra shows: i that the expansion of a Balmer photo-recombination edge, and the broadening and dilution of lines due to the e ect of statisical plasma micro elds correspond to a smooth discrete-to-continuum spectrum transition and are characteristic of weakly non-ideal plasma conditions; ii that the population densities of excited states 4 n 10 are close to the Saha-Boltzmann population and the multistep electron-ion recombination is the dominant populating mechanism of these states; iii that divertor plasma giving rise to the measured spectrum is cold with T e 0:9 e V a n d dense with N e 210 21 m ,3 ; iv that plasma particle sink due to volumetric electron-ion recombination is approximately equal to the ion current on the neutralizing divertor plates. These results are indicative of a strong electronion recombination occuring in the divertor, in argeement with our previous analysis 1 and with the results of detailed modeling of plasma transport in the detached divertor 4 .
However, the importance of other e ects on the measured spectrum analysis, in particular the radiation transport in Lyman series lines and the turbulent broadening, has not been included and is not ruled out. The next version of the CRAMD code will be focused on a more accurate determination of divertor plasma parameters from spectroscopic measurements. 31 The lines of sight of the spectrometer pass through the main plasma region. Continuum radiation emitted from the main plasma is mainly bremsstrahlung and its distribution over is almost constant in the Balmer wavelength range. Using the radial pro les of plasma parameters measured inside separatrix we calculate the contribution of the main plasma to the observed spectrum. In the spectra presented in the paper the contribution of main plasma has been already eliminated.
32 In modelling we t o o k i n to account the EDER plasma opacity e ects with respect to Lyman lines radiation consistently calculating the escape probabilities for the cold region according to its thickness L. Atomic density N a in the cold region was taken equal to 0:1N cold . The hot region was assumed to be transparent. is shown by broken curve. The solid curve presents the theoretical spectrum that ts the experimental data. Most of un tted lines in the experimental spectrum belong to ions, atoms or molecules of various impurities.
